Making predictions about the rewards associated with environmental stimuli and updating those predictions through feedback is an essential aspect of adaptive behavior. Theorists have argued that dopamine encodes a reward prediction error (RPE) signal that is used in such a reinforcement learning process. Recent work with fMRI has demonstrated that the BOLD signal in dopaminergic target areas meets both necessary and sufficient conditions of an axiomatic model of the RPE hypothesis. However, there has been no direct evidence that dopamine release itself also meets necessary and sufficient criteria for encoding an RPE signal. Further, the fact that dopamine neurons have low tonic firing rates that yield a limited dynamic range for encoding negative RPEs has led to significant debate about whether positive and negative prediction errors are encoded on a similar scale. To address both of these issues, we used fast-scan cyclic voltammetry to measure reward-evoked dopamine release at carbon fiber electrodes chronically implanted in the nucleus accumbens core of rats trained on a probabilistic decision-making task. We demonstrate that dopamine concentrations transmit a bidirectional RPE signal with symmetrical encoding of positive and negative RPEs. Our findings strengthen the case that changes in dopamine concentration alone are sufficient to encode the full range of RPEs necessary for reinforcement learning.
Introduction
Hypotheses on the function of the neurotransmitter dopamine provide a link among theories of reinforcement learning, rational choice, and motivated behavior (Schultz et al., 1997 , Morris et al., 2006 , Phillips et al., 2007 , Gan et al., 2010 , Glimcher, 2011 . A large number of studies have now correlated dopaminergic neural activity with the reward prediction error (RPE) term in temporal difference models of learning (Sutton, 1988 , Montague et al., 1996 , Schultz et al., 1997 , Waelti et al., 2001 , Flagel et al., 2011 , Steinberg et al., 2013 . Dopaminergic firing rates have been found to covary with this RPE term both qualitatively (Schultz et al., 1997) and quantitatively (Bayer and Glimcher, 2005) . However, these studies have failed to differentiate putative dopaminergic RPE signals from other related signals such as salience or surprise. In response to this uncertainty, Caplin and Dean (2007) developed a mathematically rigorous definition of RPE signals using three axioms that are the necessary and sufficient conditions that must be fulfilled by any signal in order for it to be equivalent to an RPE representation. were the first to use the axioms to test a signal in the brain for RPE equivalence. They found that during a task in which humans received probabilistic rewards, the BOLD signal in the nucleus accumbens meets necessary and sufficient criteria for encoding RPEs. Based upon these observations, they concluded that, in their task, an RPE-based learning algorithm could be driven by a neural signal in the nucleus accumbens. Although these findings confirmed that the nucleus accumbens carries an RPE-equivalent signal, they left some issues unresolved. The nature of the relationship between the BOLD signal and the extracellular dopamine concentration in a brain region is not fully understood, so it is unclear whether the RPE-equivalent signal in the nucleus accumbens is a reflection of dopamine release. This point is a critical shortcoming because dopamine is the centerpiece of the most prevalent RPE-based learning theories, such as temporal difference reinforcement learning (Schultz et al., 1997) .
Here, we report electrochemical measurements of dopamine release in the nucleus accumbens core (NAc) of rats performing a simple set of behavioral tasks and demonstrate that these dopamine signals unambiguously encode an RPE representation in our experiments. Our quantitative measurements also indicate that dopamine release, unlike dopamine neuron firing rates, can encode positive and negative reward prediction errors on a symmetric scale. Although the present study does not address the roles of other neurotransmitter systems in reinforcement learning, our findings support the theoretical claim that bidirectional changes in dopamine concentration in the NAc could sufficiently encode all positive and negative RPEs in a reinforcement-learning task.
Materials and Methods
Animals and surgery. The University of Washington Institutional Animal Care and Use Committee approved all animal procedures used in this experiment. We implanted eight male Sprague Dawley rats with chronic carbon fiber electrodes ) targeted bilaterally to the NAc and with Ag/AgCl reference electrodes placed between the skull and meninges. We secured implants to the skull with screws and dental cement built up into a head-cap. Head-caps also included a 6-pin Datamate connector (Harwin) and a nylon head post . After recovery, we food restricted rats to 85-90% of their postrecovery body weight. Six of the eight rats had electrodes that could detect dopamine, as determined by inspection of cyclic voltammagram (CV) responses to unexpected food pellets in a novel environment. One of these six rats was subsequently excluded due to separation of its head-cap.
Behavioral training. Initial training followed the procedures of Gan et al. (2010) with some modifications. We trained rats to lever press for single 45 mg food pellets (Bioserv) in a free-operant paradigm and then introduced a trial-based task structure. Rats had 30 s to respond after trial start and received a 20 mg food pellet as the reward. Rats then trained on a deterministic task in which pressing one lever always yielded four pellets and the other lever always yielded one pellet. A session included 20 blocks of trials, each containing four forced-choice trials (Fig. 1b) , during which the rat could only respond on one lever (two trials of each lever per block), and four free-choice trials (Fig. 1b) , during which the rat could respond on either lever. After rats showed preference for the 4-pellet lever, we introduced a 5 s delay between response and reward. Reward was signaled by tray light onset, followed by feeder activation. The tray light remained illuminated for 3 s before the intertrial interval (ITI) began (25 Ϯ 5 s). When rats preferred the four-pellet lever on at least 41 of 80 free-choice trials and successfully reversed their lever preferences in a subsequent session where the assigned contingencies were reversed, we introduced them to the probabilistic task.
In the probabilistic task rats chose between 75% and 25% lotteries each assigned to one of the levers. The 75% lottery yielded a prize of four pellets with a 75% probability and one pellet otherwise. The 25% lottery yielded a prize of four pellets with a 25% probability and one pellet otherwise. There were four possible lottery-prize combinations with four pellets or one pellet possible from either of the lotteries. We trained rats until they reached a criterion of 10 of the last 12 choices to the more rewarding lever and we performed voltammetry recording on the subsequent session. Recording sessions had an additional criterion that rats choose the more rewarding lever in at least 49 of 80 free-choice trials. If a rat failed to reach criterion on a recording session, it was returned to the 10-of-12-criterion stage. After successful recording sessions, we reversed levers and retrained. This cycle continued until each rat had a minimum of six successful recording sessions with counterbalanced lever assignments.
Four rats completed the probabilistic task, and then we returned them to the deterministic task. Again, the two levers always yielded four pellets or one pellet. To ensure that rats fully expected deterministic rewards, we changed the criterion so that they needed to choose the more rewarding lever on at least 64 of 80 choice trials. After rats reached this more stringent criterion, we performed voltammetry on the subsequent session. We used the same 49-of-80-criterion for voltammetry sessions. The cycle continued until each rat had two voltammetry sessions with counterbalanced lever assignments. One rat required an extra cycle of training and recording because its first voltammetry session had to be discarded due to noise associated with electrical disconnects.
Voltammetry recording and analysis. We recorded dopamine release in the NAc using fast-scan cyclic voltammetry through chronically implanted carbon fiber electrodes at a sample rate of 10 Hz. Before voltammetry sessions, we allowed rats extra time in the chamber to condition the electrodes. We delivered a food pellet to the feeder before each session and examined the resultant CV for similarity to a dopamine CV. Behavioral session onsets also elicited dopamine-like responses. We later verified electrodes by calculating the maximum possible correlation coefficient between the presession pellet or session onset recordings and a composite of CVs evoked through electrical stimulation of dopaminergic axons. We included electrodes for which both coefficients were Ͼ0.75 and at least one coefficient was Ͼ0.80 for all sessions. Six electrodes implanted in the NAc of four rats that completed all behavioral sessions met this criterion (Fig. 1a) .
We reduced voltammetry data to dopamine oxidation current using background subtraction and principal components regression (PCR) against a training set of electrically evoked dopamine and pH CVs with two principal components (Keithley et al., 2009) . Dopamine concentration is proportional to dopamine oxidation current with a factor of ϳ30 nM/nA . The background for each trial was the average of the last 10 scans of the delay period. We conducted error analysis on all CVs and excluded CVs for which there was a significant (␣ ϭ 0.05) chance of containing a signal other than dopamine and ⌬pH (Keithley et al., 2009). We detrended data from each trial by subtracting a line with its (2005). b, The trial structure was the same in both deterministic and probabilistic tasks. A session contained 160 trials in 20 blocks, with four forced-choice (two on each lever) followed by four free-choice trials. In the probabilistic task, lever presses on the 75% lever resulted in four 20 mg food pellets on 75% of trials and one pellet on 25% of trials. Probabilities were reversed for the 25% lever. In the deterministic task, the two levers guaranteed four pellets or one pellet, respectively. slope defined by the mean dopamine oxidation currents between Ϫ2 to Ϫ1 s before reward onset and 10 -11 s after reward onset.
Dopamine theories of RPE-based reinforcement learning are primarily motivated by dopaminergic responses to unsignaled rewards (Ljungberg et al., 1992) , a finding that has been reproduced with electrochemical measurements (Gan et al., 2010 . Therefore, we isolated the best epoch for testing dopamine for RPE equivalence as the time point likely to contain the maximum response to an unsignaled reward flanked before and after by 0.5 s. We performed PCR as above on presession responses to unsignaled pellets and identified the peak response to unsignaled rewards as the maximum dopamine signal in the 5 s after reward delivery. We then determined the latency for each (n ϭ 58) maximum pellet response and counted the number of maximum responses in each 0.1 s bin. The mode of the latency distribution was at 2.0 s, so we used the window 2.0 Ϯ 0.5 s after reward onset in subsequent analyses.
RPE validation. According to the dopamine RPE hypothesis, dopaminergic responses should increase with experienced reward and decrease with predicted reward. Dopamine responses should vary as a function of both the reward received and the reward predicted. Our experimental design allows these two quantities to be modulated independently. We can compute a predicted RPE for each lottery-prize combination for both tasks as the difference between the prize received and the average reward received from a lottery. In the probabilistic task, the average reward received from the 75% lottery is 3.25 pellets and therefore the predicted RPE is 0.75 pellets when four pellets are received and Ϫ2.25 when one pellet is received. The average reward received from the 25% lottery is 1.75 pellets and therefore the predicted RPE is 2.25 when four pellets were received and Ϫ0.75 when one pellet is received. In the deterministic task, one lever always yielded four pellets and other lever always yielded one pellet. The predicted RPE for both levers is therefore always 0.
We tested the average dopamine signal from the window 2.0 Ϯ 0.5 s after reward onset against an axiomatic RPE model (Caplin and Dean, 2007 . These three axioms are necessary and sufficient conditions for the entire class of RPE models. The following axioms are the minimum set of assumptions that define any RPE signal ␦ as a function of a prize z received from a lottery p. ␦(z) is the one-prize "lottery" where prize z is always received.
Axiom 1: Consistent prize ordering:
Axiom 2: Consistent lottery ordering:
Axiom 3 : No surprise equivalence : ␦͑z'͒ ϭ ␦͑z͒
Conditional logical statements such as Axioms 1 and 2 cannot be proven false if the statement on the left of the conditional arrow is false. Therefore, it is trivially possible for the axioms to be satisfied for a signal that does not distinguish between any lottery or prize conditions, such as noise. Therefore, it is necessary to distinguish between satisfying and strongly satisfying Axioms 1 and 2. By strongly satisfying, we mean that the statement on the left of the conditional arrow is true and the statement on the right of the conditional arrow is also true. This is the experimental condition of interest if one is trying to demonstrate that a neural signal meaningfully meets necessary and sufficient criteria for encoding an RPE signal. Axiom 1 (consistent prize ordering) tests whether prizes can be consistently ordered by dopamine responses when the expectations (e.g., lotteries) are fixed and the prizes varied. In our experiment, there were two prizes (four pellets and one pellet) and two lotteries (75% and 25% probabilities of four pellets and one pellet otherwise). Axiom 1 is strongly satisfied if four pellets evoked a larger response than one pellet for both the 75% lottery (left side of Axiom 1) and the 25% lottery (right side of Axiom 1). Such a result would imply that receiving four pellets is more rewarding than receiving one pellet, as we would expect. Axiom 1 would be proven false in this experiment if, for example, four pellets evoked a larger response than one pellet for the 75% lottery but one pellet evoked a larger response than four pellets for the 25% lottery. Such a contradiction would violate Axiom 1 and prove that the signal cannot, in principle, represent an RPE signal.
Axiom 2 (consistent lottery ordering) tests whether lotteries can be consistently ordered by dopamine responses when the prizes are fixed and the lotteries varied. Axiom 2 would be strongly satisfied if the 25% lottery produced a larger response than the 75% lottery for both four pellets (left side of Axiom 2) and one pellet (right side of Axiom 2). Such a result would imply that the 75% lottery has a higher predicted reward than the 25% lottery, as we would expect. Axiom 2 would be violated if, for example, the 25% lottery produced a larger response than the 75% lottery to four pellets, but the 75% lottery produced a larger response than the 25% lottery to one pellet. The specific ordering of the prizes (four pellets Ͼ one pellet) or lotteries (75% lottery Ͼ 25% lottery) is actually irrelevant for the RPE hypothesis as long as ordering is consistent for prizes across lotteries (Axiom 1) and for lotteries across prizes (Axiom 2).
Axiom 3 is falsified if the signal differs between four pellets and one pellet on the deterministic task. For fully anticipated outcomes, the reward prediction error is zero, and therefore the dopamine response should be the same regardless of the prediction. A signal that violates any axiom cannot be an RPE representation. A signal for which all three axioms are true necessarily encodes an RPE-equivalent representation.
We first tested the axioms by counting the number of observations for which prize and lottery ordering were consistent and thus satisfied the axioms. We then calculated the probability that observed counts were due to chance using the cumulative binomial distribution for a probability of 0.5, with 12 (6 electrodes by 2 lotteries or 6 electrodes by 2 prizes) observations. We conducted a similar analysis on Axiom 3 violations for which the signal to 4 fully predicted pellets was greater than the signal to 1 fully predicted pellet and calculated the probability that observed counts were due to chance using the cumulative binomial distribution for a probability of 0.5 with 6 observations.
To more strictly test the signals against the axiomatic model, we conducted four planned paired t tests on dopamine release in the probabilistic task. Significant differences in opposite directions for four pellets versus one pellet for the 75% lottery and for four pellets versus one pellet for the 25% lottery would indicate an Axiom 1 violation. Significant differences in opposite directions for the 75% versus 25% lottery for four pellets and for the 75% versus 25% lottery for one pellet would indicate an Axiom 2 violation. Significant differences in the same direction for either pair of comparisons indicate that the axiom is strongly satisfied. We corrected ␣ for multiple comparisons using the Holm-Bonferroni procedure. We used a paired t test for the effect of prize on mean dopamine release in the deterministic task for the same epoch. A significant effect of prize in the deterministic task would indicate an Axiom 3 violation.
We also fit the relationship between predicted RPE and dopamine signal using a line with a single slope and using a piecewise linear function with a single intercept but separate slopes for the positive and negative domains and we used an F test to test for a significant improvement in fit.
Epoch analysis. We conducted a set of post hoc analyses to determine the effect of window size and window center on the RPE equivalency of the signal and the linear relationship between model RPE and dopamine concentrations. We performed the same counts of strongly satisfying observations and sets of 4 t tests for Axioms 1 and 2 on all possible 0.5, 1.1, and 1.9 s time windows (10 samples/s) between 0.1 and 5 s after reward onset. For Axioms 1 and 2, we calculated the conjunction p-value from the four t tests as largest of the four p-values taken to the fourth power. This p-value provides a conservative estimate of the probability of observing the expected combination of prize and lottery effects given the global null hypothesis that the true signal is not sensitive to either prize or lottery effects . We corrected all conjunction p-values for multiple comparisons by multiplying by the number of t tests (four) and the number of time windows analyzed. We used MAT-LAB (MathWorks) for all data processing and statistics. ␣ ϭ 0.05 for all tests except where corrected for multiple comparisons.
Histology. We anesthetized rats with 150 mg/kg ketamine. We performed electrolytic lesions through the electrodes and perfused the rats through the heart with saline, followed by paraformaldehyde (PFA; 40 g/L) in PBS. We removed brains and stored them for at least 24 h in 40 g/L PFA in PBS at 4°C. We saturated brains in 300 g/L sucrose solution at 4°C and froze them on dry ice. We cut frozen brains in 50 m sections on a cryostat and mounted sections on microscope slides. We then Nissl stained mounted sections and located lesion sites using an adult rat brain atlas (Paxinos and Watson, 2005) .
Results

Behavior
Behavior on choice trials revealed preferences for the lever that returned the higher average reward. During sessions of the probabilistic task used for voltammetry analysis, rats preferred the 75% lottery, which yielded four pellets with a 75% probability and one pellet otherwise. Rats chose the 75% lottery on 71.93 Ϯ 1.09% (mean Ϯ SD) of choice trials. Later, on the simpler deterministic version of the task in which the levers deterministically yielded four pellets or one pellet, respectively, preferences for the more rewarding lever were enhanced. Rats chose the four-pellet lever on 85.45 Ϯ 5.93% of choice trials, indicating a high degree of preference. (Fig. 1a) rapidly rose in response to unsignaled rewards delivered before the beginning of behavioral sessions (Fig. 2a) . The mode of the distribution of latencies to maximum pellet-evoked dopamine was 2.0 s. Therefore, we performed subsequent analyses on mean dopamine responses from 2.0 Ϯ 0.5 s after reward onset.
Epoch selection Dopamine concentration in the NAc
Test of axiomatic RPE model
Phasic dopamine release 2.0 Ϯ 0.5 s after reward onset in the NAc met the three necessary and sufficient conditions for RPE equivalence from the axiomatic RPE model (Caplin and Dean, 2007) . The average dopamine concentration across electrodes (n ϭ 6 electrodes) during the reward-delivery period was characterized by a positive change in dopamine to four pellets and a negative change to one pellet for either lottery. Dopamine responses were also ordered with respect to lottery, with dopamine responses to outcomes from 25% lottery greater than from 75% lottery for both prizes (Fig. 2b) .
Mean dopamine responses from 2.0 Ϯ 0.5 s after reward onset in the probabilistic task were consistent with Axiom 1. For Axiom 1 to be satisfied, the same prize must evoke the larger dopamine response when it is the outcome from either lottery. For Axiom 1 to be violated, prize ordering must differ between lotteries. Figure 3a shows that for all 12 observations (6 electrodes by 2 lotteries), the 4-pellet prize evoked a larger signal than the 1-pellet prize, as all points are above the equivalence line, and this effect was significant (p Ͻ 0.001, binomial test). Therefore, the ordering of dopamine responses from all electrodes was consistent with Axiom 1. Dopamine responses from the probabilistic task were also consistent with Axiom 2. For Axiom 2 to be satisfied, the same lottery must produce the larger response for both prizes. For Axiom 2 to be violated, the ordering of responses to the lotteries must differ between prizes. Figure 3b shows that for 10 of 12 observations, the 25% lottery produced a larger signal than the 75% lottery, whereas the 75% lottery produced a larger signal on only 2 of 12 observations. Overall, this difference was significant ( p ϭ 0.0193, binomial test). Therefore, the ordering of observed dopamine responses was consistent with Axiom 2. Dopamine responses in the deterministic task showed no systematic deviation. For Axiom 3 to be satisfied, responses must not differ between prizes. In Figure 3c , responses are heterogeneously distributed around the equivalence line with four values above the line and two values below the line. Therefore, the observed deviations were not different from those expected due to chance ( p ϭ 0.34, binomial test).
Additional analysis confirmed that dopamine concentration satisfied the axiomatic RPE model (Fig. 3d) . Four planned paired t tests with ␣ levels corrected using the Holm-Bonferroni procedure revealed results for Axioms 1 and 2 consistent with the scatter plots. The dopamine responses were larger for four pellets than for one pellet for both the 75% lottery (t 5 ϭ 5.0532, p ϭ 0.0039) and the 25% lottery (t 5 ϭ 5.0824, p ϭ 0.0038), satisfying Axiom 1. The dopamine responses for 25% lottery trials were significantly larger than responses for 75% lottery trials for both the 4-pellet prize (t 5 ϭ 2.6796, p ϭ 0.044) and the 1-pellet prize (t 5 ϭ 3.4699, p ϭ 0.018), satisfying Axiom 2. Finally, a single paired t test of responses from the deterministic task revealed that there was not a significant effect of prize when rewards were fully predicted (t 5 ϭ 0.7576, p ϭ 0.48), satisfying Axiom 3.
Test for asymmetry of RPE signals
Curve fits of the relationship between predicted RPEs calculated as the difference between reward size and average outcome from each lottery and measured dopaminergic responses revealed no asymmetry in encoding of positive and negative RPEs. Least-squares regression showed that a line fit the data with a y-intercept of Ϫ0.0022 Ϯ 0.0188 and a slope of 0.0384 Ϯ 0.0138 (r 2 ϭ 0.1867, F (1,34) ϭ 7.8069, p ϭ 0.0085; Fig. 3e) . A piecewise linear function with a single intercept but separate slopes for the positive and negative domains did not improve the fit (F (1,33) ϭ 0.0049, p ϭ 0.94) and the slopes were nearly identical for the positive and negative domains Figure 3 . a, Mean dopamine release to four pellets is plotted against mean dopamine release to one pellet after both 75% and 25% lottery forced-choice trials for each electrode. Points above the line indicate greater dopamine release to four pellets than to one pellet. b, Mean dopamine release on 25% lottery trials is plotted against mean dopamine release on 75% lottery trials for both prizes for each electrode. Points above the line indicate greater dopamine concentrations when pellets are received from the 25% lottery than from the 75% lottery. c, Mean dopamine release to four pellets is plotted against mean dopamine to one pellet on the deterministic task for each electrode. Responses are heterogeneously distributed around the equivalence line. d, The mean dopamine release from a-c for n ϭ 6 electrodes are shown for both the probabilistic and deterministic tasks. Ordering of signals satisfies the axiomatic RPE model. e, Mean Ϯ SEM dopamine release for each possible lottery-prize combination across the two tasks is plotted against the predicted RPE, calculated as the difference between reward magnitude and average lottery outcome. The line indicates a significant linear relationship. *p Ͻ 0.05 for comparison between lotteries; **p Ͻ 0.01 for comparison between prizes, paired t test.
(RPE Ͻ 0: slope ϭ 0.0399 Ϯ 0.0248, RPE Ͼ 0: slope ϭ 0.0370 Ϯ 0.0248). As for the line with a single slope, the y-intercept was near 0 (Ϫ0.0008 Ϯ 0.0280).
Window analysis
Although our initial analysis was on the epoch determined by the peak response to unsignaled rewards outside the task, we subsequently conducted an unbiased test of the entire period between reward delivery and the start of the ITI to test whether the RPE encoding generalized to other times. Post hoc analysis of all 118 possible 0.5, 1.1, and 1.9 s windows (10 samples/s) between 0 and 5 s after reward revealed that there was a narrow range of windows for which the ordering of dopamine responses was consistent with the axiomatic RPE model and that window center was more important than window length in determining whether the mean dopamine response could be an RPE. A broad range of time windows had 10 or more electrode/lottery combinations for which there was a greater dopamine response to four pellets than to one pellet for a given lottery and electrode (Fig. 4a) , which is consistent with Axiom 1. In contrast, a smaller set of time windows centered around 2 s after reward delivery had at least 10 electrode/prize combinations for which there was a greater dopamine response to the 25% lottery than the 75% lottery (Fig. 4b) , consistent with Axiom 2. Corrected conjunction p-values of paired t tests for Axioms 1 and 2 also demonstrate that windows of all 3 durations centered around 2 s after reward delivery have dopamine signals consistent with Axioms 1 and 2.
Discussion
In the present study, we used operant decision-making tasks and the axiomatic model of Caplin and Dean (2007) to identify an RPE represented by phasic dopamine release in the NAc. We designed the task so that there were two lotteries that each provided either of two rewards probabilistically. Because reward variance did not differ between the two lotteries and because rewards were delivered on every trial, this design necessarily avoids confounding effects of salience associated with uncertainty in the form of reward variance (Fiorillo et al., 2003) or reward omissions (Esber and Haselgrove, 2011) . Both lotteries produced either one or four food pellets with a probability of either 0.75 or 0.25. The reward probability assigned to prizes was reversed between lotteries. Strongly satisfying the axiomatic model, NAc dopamine signals were coherently modulated by prize and by lottery in the probabilistic task, whereas prizes did not significantly modulate dopamine signals in the deterministic task. By strongly satisfying all three conditions of the axiomatic model (Caplin and Dean, 2007) , phasic dopamine release in the NAc meets the necessary and sufficient conditions for RPE equivalence. This observation does not necessitate that the RPE signal is the only signal carried by dopamine and it is important to note that our analysis focused on a particular epoch. We detrended the data to remove signaling on longer timescales than this epoch, appropriate to the design of the task. However, it has been shown that meaningful information is encoded in extracellular dopamine concentrations in both the rodent (Howe et al., 2013) and human brain (Kishida et al., 2011) . Post hoc analysis of the set of 118 possible 0.5, 1.1, and 1.9 epochs centered between 0 and 5 s after reward delivery showed that this RPE signal is specific to windows centered at 2.0 or 2.1 s after reward onset, but that epoch length did not influence the result.
It should be noted that the latency of the dopaminergic RPE signal is much greater than that shown in electrophysiological studies on putative midbrain dopamine neurons (Montague et al., 1996 , Schultz et al., 1997 , Waelti et al., 2001 ), but it is consistent with the latencies of reward-evoked and cue-evoked changes in extracellular dopamine concentration measured in other studies , Flagel et al., 2011 . The difference in latencies between electrophysiological studies and voltammetry studies are primarily attributable to diffusion of dopamine from release sites to the electrode surface. Because dopamine acts as a volume transmitter at extrasynaptic receptors, diffusion is expected to slow the temporal dynamics of dopamine signal transduction in regions such as the nucleus accumbens (Venton et al., 2003) .
Outside the epoch centered around 2 s after reward onset, there was one other component to the dopamine signal that was inconsistent with an RPE. The peak observed in the first second after reward onset was temporally resolved from the RPE signal and was not modulated by reward expectation, making it incompatible with RPE coding. The short latency and the lack of modulation between conditions suggest that it is related to a task feature that does not differ between reward and lottery conditions or between the probabilistic and deterministic tasks. Such features include the extinguishing of the cue light at the end of the 5 s delay period, the illumination of the feeder light, or the click of the feeder for the first food pellet. These three features might form a compound stimulus that signals the end of the delay period and the beginning of the reward phase of the trial. A persistent dopamine response to this stimulus might be present even in well trained rats if they are unable to accurately time out a 5 s delay, causing the onset of the reward period to be a surprising event. However, because this signal did not change with reward expectation, it is more likely to encode an attentional process rather than a pure economic process.
Our data also allowed us to examine a second major issue in the study of dopamine and learning: the nature of the relationship between dopamine release and RPEs across the positive and negative domains. Bayer and Glimcher (2005) reported that the firing rates of putative dopamine neurons in the SNc correlated with positive but not negative RPEs. They hypothesized that a second system might exist that encoded these negative RPEs. Subsequent analyses (Bayer et al., 2007) revealed that the magnitude of negative RPEs was correlated with the duration of the extended interspike pause that follows reward delivery. Long pauses provided a signal from which negative, but not positive, RPEs could be extracted. This analysis is of particular relevance because extracellular dopamine concentration, through volume transmission, might reflect temporally integrated spike bursts and pauses due to the interplay among release, diffusion, and uptake. This interplay can exist in the case of volume transmission because clearance is slower than in synaptic transmission (Garris et al., 1994) . Mathematical models emphasize the nonlinearity in the relationship between firing rate of dopamine neurons and extracellular dopamine concentration conferred by uptake (Wightman et al., 1988) , diffusion (Venton et al., 2003 ) and short-term elastic modulation of release probability (Montague et al., 2004) , as well as the impact of dopamine release and uptake on dopamine receptor occupancy (Dreyer et al., 2010 ). Therefore, we tested the relationship between dopamine signals and predicted RPEs calculated as the difference between the prize magnitude and average outcome on the lottery. We found that the relationship between RPEs and extracellular dopamine concentration was best fit by a straight line with a y-intercept near zero. Moreover, allowing slopes to vary for positive and negative RPEs in a piecewise linear function did not significantly improve the fit. These findings show that positive and negative dopaminergic RPEs were represented symmetrically at the level of dopamine concentration without the rectification observed in firing rate of dopamine neurons (Bayer and Glimcher, 2005) . Although it does not rule out the possibility that opponent neural systems cooperate to compute motivationally relevant variables, the present work demonstrates that dopamine transmission is sufficient to provide a bidirectional teaching signal to the NAc and that a complementary opponent system to deliver negative RPEs would not be necessary in the range of RPEs we measured.
